t C MICROFILM § . /gjzﬁ/’/ S

.G

s ol .t - . e ¢

R

'
[N R . ! B .
. PR - - N o i
Gy . - -
PR PN . '
. - - B N . o - ,
. ! ) N S N .
R " -
y ) . - N - -
M . : X 53 . . . Lo
. : . . e u oo v
M N . - \ oo R '
“ - ’ N ' “
g L - i ) :
DR . o . N H
v .

A gur. smawux,mom LM&@&M@@Y ‘
c;gmmnmﬂ INSTIVUTE OF "rmuwczm@m SN s g E TR e

¥ : A

RN ﬁgqﬁpgwﬂ‘f a.mmmm. =

.
{ o
DR )
Wit 3
W




2oallear L0 wL =

A LR e e w aens . a

I
e Lk

e . A

N

rM

| ff"amfﬁu‘;m H@ag‘ Transfer in a \\
& Cfanvefgeﬁfmwvef‘geni N@zzi@ /

Technical Report No. 32-415

e am e = 3 rm b, _—
e YRRV s s,

1

L H. Back
P F. Massier, A
H L Gier /7 My /93 f/ n;.,é?
[ WALA CpoaTaws A A 5*1‘/‘«/@;)
\

(ARIP k- SSS7 JRY - FR-22-4i15) ersr F 3.
s

D. &, Burtz, Chisl”"
Propulsion Resdeirch Section

JET _PROPULSION LA Ry
e

 anit ity

GAL!FM ENBT!}M oF ”f’&&&é&&t&&”f
PASAL‘JE.NA /Qh“d’%&““\"

IR ik e deracatve 28 3

November 15, 1963

NP



I SR

Copyright © 1943
Jet Propuldon Laboratary
Califarnia institute of Technology

Prapurad Under Contreat No, HAS 7.100
Mattonal Asronoutics & Space Adminlsration



JPL TECHNICAL REPORT NO, 32-41%

DT UL, Y

TS TR

S TmuswEI

R T R T e e ST mum ST R VR e T

TR T TR e I

S 2l

“

S SO T

Gy e pere s

CONTENTS
io !nifﬁduﬁa@“ . . . + € . v . ) . s ] 3 . . . . . . . . 1
B, Instrumentafiaon . - .« « « v v e v e e e e e 2
. Heat-Transfer Calculation Procedure . .
IV. Static Pressure and Mass Flux Dictributions . . . . . . . . 6

V. Boundary Layers ¢t the Nozzlelnlet . . . . . . . . . . . 7
Vi Heat-TransferResults . . . . . . . . . . . . . . .. .10
Vil Comparisen of Heat-Transfer Results with Predictions . . . . 15

Viii, Some Additional Observahons of the Flow and Thermal

Charccteristics . . . . . T
X. Conclysions - . . . . . . . . . 000 oA
Nomenclatere . . . . . . . . . . . . ... 00022
Referemces . . . . . . « . . . 0. 0w s 24

Appendix. Construction and Calibration of
ThermocouplePlugs . . . . . . . . . . . . . ., . 28

FIGURES

1. Flow and instrumentationdiagrom . . . . . . . . . . ., . . . 1
2, Tip dotails of traversing boundary-layerprabes . . . . . . . , . 3
3. Thermotouple plug diagram and positions . . . ., . ., ., . . ., 3
4, Noxxle installation . . . . . . . . . . . .. 4
5. Noxzlewallisotherms . . . . . . . . . . . . ., . ... 8
6. Ratio of static to stagnution pressure along thenozxle . . , . . . . 6
7. Ratio of loct! te one-dimensional mass flux along the nozzle . . . 6
8. Boundary-layer profiles 1.25 in. upstracun of nexsle inlet

with 18-in. cooled approasch length . . . . , . ., . . ., ., . . 8

9. Velocity distributions 1,25 in, upstreom of noxele inlet
with 18.in. cooled approasch length . . . . . . , . ., , ., . . 9

10. Velocity profiles 1.25 in, upstreads of nozzie infet without
cooledapproachlongth . . . . . . . . . . . ... .., .. 8

11. Heat-tranclor coafficiant vs. axial distance retie with 18-in.
cooled approachlength . . . . . . . . . . . ., . .., .1



[P

JPL TECHNICAL

44

12

13,

14,

15,

16,

17,
18.

19,

REPORT NO. 32-415

FIGURES (Cont'd)

Heai-transfer resuits at varicus subsonic and supersonic area
ratios with 13«in. cooled upproach length . . . |

Heat-dransfer resvlts along nozzie with 18.in. cevled
approach length

Heat-transfer coefficients for various boundary-layer thicknesses
af nozzle inlet vs, axial distance ratio .

Comparison of experimental heatfransfer coefficients with
pradictions at T,, == 1500°R witii 18-in. cooled approuch length .

Predicted thickness ratios slong noxzie with 18-in,
cooled appronch length |

Predicted momentum thicknesr Reynolde numbers along nozzie .

Predicted ratio of pressure to wall shoar forces acting on
koundary layer along noxzzle .

Predicted affect of flow acceleration in reducing net production of
turbulent kinetic energy ot differant stagnation pressures .

A-1. Thermocouple plug . . . .

A-2. Nozzle after installation of thermocouple plugs

A-3. Kelvin bridge circuit used to determine thermoceugls locations .

12

13

14

16

18

19

20

26

27



JPL TECHNICAL REPORT NO. 32-41B

PREFACE

Portions of this paper were originated under studies conducted for
the Department of Army Ordnance Corps under Contract No. DA-04-
495-Ord-18. Such studies are now conducted for the National Aero-
nautics and Space Administration under Contract No. NAS 7-100.
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1363 ¢ ARSTRACT

The results of an experimental investigation of convective heat
transfer from turbulent boundary layers accelerated under the influ-
ence of large pressure gradients in a cocled convergent-divergent
conical nozzle are presented. The investigation covered a range of
stagnation pressures from 30 to 250 psia, stagnation temperatures from
1030 to 2000°R, and nozzle-inlet boundary-layer thicknesses between
5 angd 25% of the inlet radius. Steady-state heat-transfer rates from
air heated by the combustion of methanol were determined locally from
mezsurements using thermocouples embedded in the nozzle wall. The
most significant unexpected trend in the resnlts is the resluction in the
heat-transfer coefficient, below the variation with stagnation pressure
anticipated for a turbulent boundary layer, at stagnaticn pressures less
then about 75 psia. As expected, the resuits include a maximum in the
heat-transfer coefficient upstream of the throat, where the mass flow
rate per unit avea is largest, and & substautial decreass of the heat-
transfer coefficient downstream of the point of flow separation, which
cccurred in the divergent section of the nu.zle at the fow stagnation
pressurer. A reduction of about 109 in the heat-transfer coefficient
resulted from an increase in the inlet boundary-layer thickness between
the mininum and maximum thicknesses investigated,

Heat-bansfer predictions with which the dala were compared
eithier incorporate a prediction of the boundary-layer characteristics or
are related to pipe flow. At the higher stagnation pressures, predicted
alues from a modification ot Bartz” turbulent boundary-layer analysis
are in fair agreement with 1. data. As a possible explanation of the
low heat-transfer rates at the Jower stagnation pressures, a parameter
is found which is a ineasve of the imaportance of flow acceleration in
redu 2ing the turbulent transport below that typical of a fuliy turbulent
boundary layer, N v HOR
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I. INTRODUCTION

Coraprehensive studies of convective heat transfer from
gases flowing under the influence of comparatively large
pressure gradients have been mostly analytical. Laminarx
flow cases have been solved by boundary-layer theory
approaches in which the restrictive assumptions are with-
in the realm of describing actual processes. Turbulent
flows, however, are too complex to formulate in such a
way that descriptions of the momentum and energy trans-
port processes can be made without the use of consider-
able empirical information or assumptions which are so
drastic that they them:elves are essentially the solutions.
The present investigation was undertaken in order to
provide experimental convective heat-transfer informa-
tica on turbulent flows subjected to large pressure gradi-
ents with boundarv layers that are thin in comparison
to the croes section of the channels. It was anticipated
that these results could be incorporated with turbulent
boundaiy-layer thecries to arrive at a mearingful method
of predicting convective heat transfer in accelerating
flows.

Experimental measurements of heat transfer from gases
flowing under the influence of pressure gradients have
been made to some extent by other investigators. Data
obtained from rocket-engine firings indicate that the local
heat fluxes in nozzles (particularly the convergent sec-
tions) are sensitive to injection schemes, combustion phe-
nonena, and the proximity of a nozgle to the injector
(Ref. 1). Furthermore, superimposed on the convective

component is a radiation component, which, together
with the other effects, introduces complexities into the
gress heat-transfer process, Hence, results of measure-
ments such as these have not been particularly informa-
tive about the convective heat-transfer mechanism ir
accelerating twi bulent boundary-layer flows.

Most experimental results of previous investigations o
convective heat transfer in a nozzle without injectior
and combustion effects were obtained either with noz
zles of small angles of convergence and divergence o1
at relatively low stagnation pressures and temperatures.
Saunders and Calder’s measurements (Ref. 2) were made
only in the conical divergent section, with the half-angl
of divergence about V3 deg, Ragsdale and Smith (Ref, 3)
usiug superheated steam, made measurements in a nozzl
which had small convorgent and divergent half-angles o
about 1 deg. The stagnation temperature was abow
1000°R, and the stagnation pressure ranged from 20 «
35 psia. Baron and Durgin’s measurements (R f. 4) ir
two-dimensional nozzles were made at a stagnation tem
perature of 570°R and over a stagnation pressure rang
of 8 to 39 psia. In preliminary results (Ref. 5), from th
system shown in Fig. 1, semilocal values of heat transfe
were determined by calorimetry for a few operating con
ditions. Only for Kolozsis measurements (Ref, 8) in .
T15-deg half-angle convergent and divergent conica
nozzle at a stagnation temperature of about 1200°R wer:

- 109 VARIABLE
BAFFLES AND SCREENS COOLED APPROACH
PERFORATED LENGTH
PLATES YOTAL
\ PRESSURE. PROBE BOUNDARY-LAYER
TOTAL PRESSURE AND TOTAL
METHANOL TEMPERATURE PROBES
ORIFICE ~a Y , / THERMOCOUPLES
vsragn " CALMING | | 10 orstion NOZZLE WALL
AR o COMBUSTOR sacruonw : g'sgcm;‘ 50 , ~NozzLe
§ L= ] A
INLET AIR y i ! \ "RATE AN
ORIZSQPE:::URE f e 48 ol 20 o] TEMPERATURE
: STATIC ) RISE (3 SECTIONS'
PRESSURE OROP WATER ELOW RATE AND
TEMPERATURE RISE  §TATIC )
- {6"AND 12" SECTIONS)  PRESSURE
ORIFICE EXIT )
STATIC PRESSURE TAP GAS TOTAL TEMPERATURE

DIMENSIONS IN INCHES

{2 PROBES)

Fig. 1. Flow and instrumentation diagram
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daa reported at higher stagnation pressures of 225 aad
370 psia.

In this investigation, which covered a range of stagna-
tion pressures from 30 to 250 psia and stagnation tem-
peratures from 1030 to 2000°R, compressed aix was
heated by the internal combustion of methanol and the.
mixed to obtain uniformity before it entered the nozzle.
The mixing and distance of the combustion from the
nozzle (Fig. 1) minimized maldistributions. and the ratio
of methanol-to-air weight flow rate was small enough,
even for the highest stagnation temperature, so that the
products of combustion could be treated approximately

as aiv, The nozzle had a throat diameter of 1.803 in., a
con’raction-area ratio of 7.75 to 1, an expansion-area ratio
of 2.68 to 1, a convergent half-angle of 30 deg, and a
divergent half-angle of 15 deg. The exit Mach number
was about 2.5. Local convective heat-transfer results were
obtained by measuring steady-state temperatures with
thermocouples embedded in the water-cooled nozzle wall.
Radiation effects were negligible over the stagnation-
temperature range. To determine the effect of boundary-
layer thickners at the nozzle inlet on heat transfer in
the nozzle, the length of the constant-diameter cooled
approach section upstream of the nozzle inlet was
changed in 6-in, lengths from 0 to 18 in,

Il INSTRUMENTATION

The system flow and instrumentation diagram is shown
in Fig, 1. Stagnation pressure was measured just upstream
of the water-cooled approach section, and stagnation
temperature was determined by averaging the readings
of two shielded thermocouples placed 0.25 in. upstream
of the nozzle inlet. These two thermocouples, lovated 1
in. from the centerline, were spaced 180 deg apart cir-
cumferentially and genurally read within 29 of each
other. To determine the static-pressure distribution along
the nozzle, thirty-two static-pressure holes 0.040 in. in
diameter were spaced circumferertially and axially in the

nozzle wall. These static pressures were measured with
mercury manormneters.

Boundayy-layer traverses were made in the 8.07-in-~
dia:neter cooled approach section at a locatin 1.25 in,
upstreamn of the nozzle inlet. The stagnation-pressure
probe was located 90 deg circumferentially from the
stagnation-temperature probe. Details of the probe tips
are shown in Fig. 2. The tip design is similar to that of
probes used by Livesey (Ref. 7), with which he found a
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negligible velocity displacement cffect of the probe in
the wall vicinity. The probes were moved mechanically
via a micrometer lead screw, and their location from the
wall was determined by a counter and a helipot.
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Steady-state wall temperatures and heat fluxes wer
obtained from thermocouples embedded in cylindrica
plugs, a typical one of which is shown in Fig. 3. Thre
thermocouples were formed along the length of eac
plug, which was pressed into a hole drilled through the
nozzie wall. In the Appendix, the construction and ¢l
bration of the plugs are described, including the dete:
mination of the distance between thermocouple wel
junctions by means of a Kelvin bridge circuit. On
thermocouple plug was located at each of twenty-on
axial locations, except at x/L = 0.864, where there we
two. These plugs were also spaced at numerous circum
ferential locations along the nozzle, as indicated in th
table in Fig. 3, such that every third plag was located !
a quadrant within 55 deg of successive ones. The nozz
and plugs were fabricated from the same billet of 50{
type stainless steel. Available data on the thermal cor
ductivity of this material indicated a smail variation wit
temperature in the attainable wall temperature rang
Values of thermal conductivity used in the data reduc
tion were obtained experimentally on material take
from the same billet that was used to fabricate the nozz’
Three longitudinal water-coolant passages cooled t
outer surface of the nozzle and plugs. The nozzle insta
lation is shown in Fig. 4,

1 - - - -

TECHNICAL G H

COPPER CEMENT GAS SIDE
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Fig. 3. Thermocoupis plug dicramm and positions
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Fig, 4, Moazle instaliation
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. HEAT-TRANSFER CALCULATION PROCEDURE

Although temperature gradients existed along the noz-
zle wall, as indicated by the wall isotherms shown in
Fig. 5 for a particular test, these were generally small,
and the three thermocouple readings in each plug iadi-
cated that only radial heat conduction normal to the wall
need be considered. The local heat flux ¢, normal to the
gas-side wall was computed from

- M.“_:— Tb) 1
Go o In rb—,7r:- 1

For a given plug, the radii r. (gas-side wall radius), r,,
and r, are collinear; they are taken perpendicular to the
gas-side surface of the nozzle ai:d extend to the center-
line; T, and T, are internal wall temperaiures measured
with the thermocouples embweaded in the plug, The
thermal conductivity k is the arithmetic average of the
velues at T and T,

The pas-side wall temperatures determined from the
different thermocouple combinations in each plug were
generally within 19¢. However, in determining the wall
heat flux from Eq. (1), there were inconsistencies. 1f the
center thermocouple and the one nearest the gas-side
wall were used, the calcnlabed we { heat Hux was on the

40 "
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fp s t 420 i Fra, -
o [~ 397 N
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0
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§ 0
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O i e N i S

average about 10% higher than with the thermocouple
nearest the gas-side and water-side wails, With a com
Liration of the center thermocouple and the one neare:
the gas-side wall, the total heat load was found to agre
within 5% of that computed from the coolant flow rat
and the coolant temperature rise; consequently, these tw
thermocouples were used to calcalate the wall heat flu
The estimated errors resulting from the use of these the:
mocuviples are discussed near the end of the Appendi:

The heat-trausfer coefficient was computed by

OB )

h= Taw =~ Ty (‘

‘The adiabatic wall temperature was calculated by takin
the recovery factor equal to 0.89. This value is based ¢
measurements with air aceelerated over a flat plate by
convergent opposite wall (Ref. 8) and by extrapolatin
wall temperatures to the zero heat-flux condition for a
flow through a nozzle (Ref. 4}, In both of these invest
gations, the recovery factor was found to be independe
of pressure gradicat, Actually, for the large differenc.
hetween the stagnation and wall temperatures in th
present results, the caleulated heat-travsfer coefficien
are insensitive to the assumed recovery-factor dep.2ndenc

e S e SRR

TEST 262
P2 75.2 psio
Tro% 1617°R
r*= Qo085 in.
A L e 582800, - o e

e et SR
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L2800 @S L
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Fg. 5. Moxzle wall isothurms
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Y. STATIC PRESSURE AND MAS5 FLUX DISTRIBUTIONS

The measured static-to-stagnation pressure ratio along
the nozz' is shown in Fig. 6 at a stagnation temperature

of 1500°R for a rangc of stagnation pressures from 45 to
150 psia. Measurements at higher stagnation pressures
were not possible because of manometer limitatior . Ex-
cept in the nozzle-exit region, where the rapid rise in
static pressure at the lower stagnation pressures indica es
flow separation, the pressure-ratio distribution is nearly
invariant, For computational purposes, it is assumed to
be invariant above 150 psia. Deviations of measured
pressure distributions from that predicted from one-
dimensional isentropic flow are indicated. The deviations
result from radial-velocity components causcd by the
taper and curvaiure of the nozzle and are as large as 30%
just downstream of the throat.

5] B T 7 T I ] ‘ I [
COOLED ;
(3l TesT APPROACK 7 {7 S S N S
ES LENSTH psia oR f
12— ¢ 315 0 %6 1516 b
o 303 8 752 1024 1 1 i
o 262 18 752 1518 PRED!"TION EQ (%
Ll s 290 8 752 1989 L " ]
|5 | ! i i ! Ao o
de |0 | ; 6%
10— e e e —r T-gr—ﬁ
: i ] o B0y ©
[ e
0% —@——L@ﬁ 3 -
| MAXIMUM VALUE OF g !
= & | i
08 pote AT 2/L= 068 _ ‘tﬂ_ P _{( ]
THROAT 2/L = 0603 —» l : i
07 N L L 1 2 i J
o o4 0z 0.3 04 [s 3 03 Q7 o8 09 2]

AXIAL DISTANCE RATIO z/4

Fig. 7. Ratio of local to ane-dimensional mass flux
aiong the nozzle
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Fig. 6. Ratio of static ie stagnation pressure
along the nozzie

In Fig. 7, the ratio of the local mass flux pu,, calcu-
lated from the measured wall static pressures, to that
predicted from one-dimensional flow g1y, is shown at

= 75 psia for different stagnation temperatures and
cooled approach leagths, For the tests shown, the maxi-
mum value «f the mass flux p.u, occurred at z/L = 0.58.
This location correspends to the intersection of the sonic

line with the nozzle wall and is upstream of the geo-
metric throat, which is located at 2/, = 0.803. Just
downstream of the throat there is a sharp dip in the
mass-flux ratio, the redaction below that predicted from
ene-dimensioral clow amounting to about 15%. There
appears to be a slight trend toward mass-flux ratios
increasing with stagnation temperature, e-peciaily near
the nozzle exit. The effect of boundary-layer thickness
at the nozzle inlet on the mass-flux ratio is negligible.

Since the deviations from one-dimensional flow are
significant in the throat region, it is of interest to deter-
mine to what extent the mass flux at the edge of the
boundary layer is predictable. Oswatitsch and Rothstein
(Ref. 9) considered isentropic, two-dimensional flow in
convergent-divergent nozzle. The wall boundary layer
is neglected as is the requivement that the fluid velocity
at the wall be exactly paraliel to it. The final result of
their analysis can be cest in the form of a ratio of the
rmass flux at the nozzle wall to that for one-dimeusional
flow
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The predicted mass-flux ratio is only a function of the
nozzle configuration, with the subscript 1 denoting aver-
age yuantitics for one-dimensional flow. The prediction
shown in Fig. 7 is in fair agreemeat with the dala in the
throat region. It also indicates the sunic line to be up-
streamn of the throat. Al the intersection of the conical
sections of the nowzie with the throat curvature, there is

oL@, A (@}“E
A iz j

7
UL

) drowe
()

a predicted discontinuity in the mass-flux ratio as indi-
cated by the dashed Jines. The prediction is not shown
in the nozzle-cotrance region, since there. restrictions on
the magnitude of the nozzle radius and its derivatives
implied in the anulysis are mot satisfied. Even in the
throat region, these are marginal.

¥, BOUNDARY LAYERS AY THE NOZZLE INLET

To indicate the nature of the boundary layer at the
novzle inlet with the 15-in. cooled approach length,
the velocity ratio u/u,, mass-flux ratio pu/pu., and
stagnation-temperature distribution (T — Tw)/{(Te — T}
are shown in Fig. 8 for a stagnation temperature of
1500°R and a range of stagnation pressures from 45 to
254 psia. The profiles indicate that the boundary layers
ave turhulent over the range of stagnation pressures. A
1/7-power-law curve for negligible property variation
across the boundary layer is shown for comparison.
Values of the thicknesses §°, ¢, and ¢ necar the nozzle
inlet were calculated by taking into account the mass,
momentum, and energy defects for flow through a pipe
of radivs R.

(0= )= [ (1-22) e o

i

' i £ & ) »
s{pn-—)=] = f1-—}@®~ ¢
( & ) JO pel’e (l . ( y) d!! @

LA
o ( : ) -
10__?}.1._ — _‘Tj__ = Tw ] o
j@ frette [1 (T‘c o Tw“) (X—ydy (.

In general, these thicknesses are about 5% lower tha
those obtained by assuming flow over a plane surfac
The effect of increasing stagnation pressures is to decreas
the displacement, momentum, and energy thicknesses.

In Fig. 9, the velocity profiles of Fig. 8 are shown i
terms of w* = w/(, fre/ps) and y* = (y,/fro/pe)/ve. Th

wall shear was determined by matching the profiles i
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Fig. 8, Boundary-layer profiles 1.25 in. upstream of
nozzle inlet with 18-in, cooled approach length

the wall vicinity to the “law of the wall,” which was
taken in the form

w = 85 + 25y for g >30 (7)

in the wall vicinity, the “law of the wall” appears tn be
valid, and in the ouwer part of the boundary layer, the
departure is typical of the “law of the wake” proposed
by Coles (Ref. 10). Shown in two ways in Fig. 9 are the
friction coefficicnts, ¢//2 = 7,./(p:4® ), predicted from the
Blasius flat-plate relation

r 00198
fmi - ( Byf. q )1/4
o

With properties p and p evaluated at the free-stream
temperature, the predictions exceed those deduced from
matching to the “law of the wall” by about 20%. With
properties evaluated at the film temperature, the pre-
dictions are about 85% higher. Also shown in the Figure
are the friction coefficients predicted from the boundary
layer analysis of Ref. 11, which is discussed in Section
VII. These predictions are nearer those deduced from
the “law of the wall,” though they arc still high.

(®)

At the other stagnation temperatures of 1030 and
2000°R, as well as with the shorter cooled approach
lengths of 6 and 12 in., the boundary-layer profiles (not
shown) were alse turbulent, However, with no cooled
approach length, the boundary layer appears to be in
the transition region, as indicated by the velocity profiles
shown in Fig. 10. These profiles lic between a turbulent
and larainar one, as shown by the 1/7-power law and
Blasius’ laminar-flow profiles.
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Vi. HEAT-TRANSFER RESULTS

The variation of the heat-transfer coefficient along the
nozzle with the 18-in. cooled approach length is shown
in Fig. 11 for stagnation teroperatures of about 1030,
1500, and 2000°R and a range of stagnation pressures
from 30 to 254 psia. At the highest stagnation tempera-
ture, it was not possible to obtain data above a stagnatic
pressure of 125 psia because of temperature limitations
on the wall-thermocouple insulating material, The curves
in the Figure were faired through the data. It is
evident that during a given test, circumferential varia-
tions m Foat transfer did exist, as indicated by the sym-
bo~ whic e tagged alike. These indicate thermocouple
plur spaced within 55 deg of each other. A certain
amount of consisicney can be deduced by comparing
data obtained from the same thermocouple plugs for
different tests. The majority of the tests were duplicated
and found reproducible to within 2:2% . It was not pos-
sible to explain these variations by nonuniformities in
the flow based on measurements in the gas strcam at the
nozzle inlet. However, it is possible that nonuniformities
cowdd have existed in the boundary layer.

The heat-transfer coefficients in Fig., 11 increase, as
expected, with increasing stagnation pressures as a result
of larger mass fluxes; however, their variation with stag-
nation temperature at the different stagnation pressures
is less clear, with the trends Jependent on stagnation
pressure. The maximum value of the heat-transfer coef-
ficients vccurs just upstream of the throat in the vicinity
where the mass flux p.t., as indicated in Fig. 7, is a
maximum, A substantial decrease in heat transfer down-
stream of the point of flow separation which occurred at
the low stagnation pressuves is indicated by the tests at
a stagnation pressure of 45 psia. At the lowest stagnation
pressure, the data are not shown in this region, since
there were large fluctuations in the wall-thermocouple
readings.

To represent the heat-transfer results shown in Fig, 11
in terms of correlation parameters commonly used in-
volves both the selection of a characteristic length and
the temperoture at which propertics are evaluated. In
Fig. 12 there are shown, in addition to the data of Fig.
11, data from many more tests at intermediate stagnation
pressures presented in terms of the group, S¢ Pr, and
the Reynolds number based on the nozzle local diameter,
Fluid propertics were evaluated at the static temperaturo
at the edge of the boundary layer, and the mass flux

10

pette was used to compute both the Stanton and Reynolds
numbers. The variation of viscosity, specific heat, and
Prandtl number with temperature for air was obtained
from Ref. 12. Fach eof the plots in Fig. 12 indicates the
heat-tran fer data obtained at a single area ratio or axial
station. Elene oo in each of the plots, increasing Reynolds
numbers (po12,12/5.) at the different stagnation tempera-
tures correspond directly to icreasing stagnation pres-
sures, since the nozzle diameter is constant.

Proceeding through the subscnic part of the nozzle
(decreasing area ratios), there is a substantial reduction
in heat transfer at the lower stagnation pressures below
that typical of a turbulenv boundary layer (Curve A)
where the dependence of the heat-transfer coefficient on
the mass flux is Da (pette)**. This reduction persists
through the throat and into the supersenic region. It
could actually continue to the cxit of the nozzle; how-
ever, in these tests it was not possible to operate the
nozzle without separation near the exit at low stagnation
pressures, Measurements in separated regions are not
shown. At the higher stagnation pressures (higher Rey-
nolds numbers), above 75 psia, the heat transfer is typical
of a turbulent boundary layer.

Other investigators have observed unexpected trends
accompanying the acceleration of turbulent boundary
leyors. The trends shown in Fig. 12 are similar to the
results of Ref. 1, which were obtained from rocket-engine
tests over a similar range of stagnation pressures. The
farge positive slope ot the exprrimental curves at area
ratios near 1 was noted as well v« the eventaal decrease
in slope with iacreas'ngt stagnation pressure. This implies
that for the rocket-engine te.ts, injection and combustion
effects did not substantially alter ¢/, b- t-transfer trends
from those indicated i Fig, 12. In Ref, 13, a tarbulent
boundary layer at the entrance of a supersonic nozzle
was found to undergo transition to a nearly laminar one
at the nozzle exit. The stagnation pressure was 4.3 psia.
When the stagnation pressure was increased to 14.2 psia,
a turbulent boundary layer was found at the nozzle exit.
No boundary-layer measurements were made within the
nozzle, In Ref. 14, it was observed that heat-transfer
trends of the type seen here at the low stognation pres-
s o8 existed under lower pressure-gradient conditions,
There was departure from fully turbulent flow through
the acceleration region as indicated by the linearity of
the measured velocity profiles in the wall vicinity.
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From these observations, it seems logical to speculate
hat at the lower stagnation pressures, the boundary
_yer may have undergone transition from the turbulent
srofile at the nozzle inlet to a partially laminar profile
‘nder the influence of the large, favorable pressure
sradient. The consequent decrease in eddy transport
vould reduce both the wall friction and heat transfer.
n Section VIII, a parameter relating a predicted reduc-
ion in net production of turbulent kinetic energy to the
ow stagnation pressures is discussed.

To indicate the variation of the Stanton mumber with
leynolds number along the nozule, a few of the tests
“om Fig. 11 are shown again in Fig. 13. To help identify
he axial location in terms of the Reyunolds number, the
neasuring station nearest the nozzle inlet is noted and

JPL. TECHNICAL REPORT NGO, 32-415

the data points in the supersonic region are tagged. Mo
additional information is shown in this Figure; however,
the trends of conditions along the nozzle are more evident
than in Fig, 11. Again, the data downstream of the nozzle-
inlet region for the lowest stagnation pressure deviate
furthest from the (p.u.)"* dependency, which is shown as
a reference curve,

The effect of varying nozzle-inlet boundary-layer *hick-
nesses on the heat transfer is shown in Fig, 14, in particu-
lar for a staguation temperature of 1500°R and 2 range
of stagnation pressurcs from 75 to 200 psia, With no
cooled approach length, for which the ratio of estimated
boundary-layer thickness to nozzle-inlet radius is about
0.05, the heat-transfer coefficient is above the thicker
fayer results. This trend persists through the nozzle and
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Fig. 13. Heat-transfer results along noxzle with 18-in, cooled approach length
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extends into the supersonic region. J..it upstream of the 1097, Apparently, with no cooled approach length, transi-
th:oat, where the heat-transfer coefficient is a maximum,  tion from the boundary-layer profile shown in Fig. 10 to
the thinnest layer results exceed the thickest layer results & twebulent one occurred upstream of the first heat-
obtamed with the 15-in. cooled appro..ch length by about  transfer measuring station.

0.0015 5 COOLED ) , )
T o To Mg o8 asd
" ] i "
- L in
0.0014 O 15 746 1516 0 0014 ~0 B30 ﬁ
O 245 752 i500 6 0027 0020 1620
0 234 752 52T 2 oo4s 0035 2850
0.0013Fg 262 752 1518 B 0061 0031 3610
Q 34 1517 1506 0 00i53 ~0 1810
0.0012| ® @8 1506 a4 18 0058 0035 7170
: 4 313 200715 7 0 00i3 ~0 2090
™ a 27 2022 35 19 0033 00I6 6340
° !
EXPERIMENTAL VALUE § 25 1n UPSTREAM
“f_c_f 000H OF TE NOZZLE INLET
(5]
[ 74
£ooolo - -~
2 4
m [EESGEPSS
< 0.0009 A
‘% 0.0008 4
g V. = [s)
w 40
ul 0.0007 —21-4
(¥ a |4
a: 4140 o 4
&5 0.0006}— o
& o g @
] ® 4 A
< 0 0005}— ® 7
@ a o )
0 8o |~ @
b g / od
00004 o 5 2 . 202 osi
w Py = psia
L ale b e ¢ o ] ; i I
= o ® o -
6.0003 5 4 \ 8 §0 }p - 155 psio
0o !
00002}~ -8 5 4 % R\ ]
- ﬂ | Xl 2 R0 A, = 75 psia
. TN
0.0001 ég@‘“g <+ THROAT SPES £ = 0 ) PREDICTION __|
' I z/L = 0603 6iny FROM EQ,(9Db)
I l l 18in; FOR P15 psia
0 | | | |

0 of 02 (3 04 05 06 07 08 09 10
AXIAL DISTANCE RATIO z/L

Fig. 14, Heat-transfer coeviicients for various houndary-layer thicknesses ui nozzle
inlet vs. axial distance ratio

14



NS

PURDE A NI

T OO U R VL P SRR R NP

Do S W DCRGATO TN DR AT AEN S T e,

TR Mg et TR A

JPL. TECHNICAL REPORT NO. 32-41!

Vil COMPARISON OF HEAT-TRANSFER RESULTS WITH PREDICTIONS

Methods of predicting nozzle heat transfer consist
cither of boundary-layer analyses or, hecause of their
simplicity, of those related to pipc flow. In the boundary-
layer analyses (e.g., Refs. 15, 16). the integraf forms of
the momentum and energy equations are solved based
on a number of assumptions, the most important of
which is an assumed form of Reynolds analogs between
heat transfer and wall friction. A limited amuunt of data
(Refs. 14, 17, 18) for heat transfer to an accelerated, essen-
tially incompressible, tnrbulent boundary layer where
property variations were small has indicated that heat-
transfer cocfficients determined from the wall friction
through one of the analogies known to apply for constant
free-stream velocity were far in excess of actual values.
However, since boundary-layer measurements were not
made in the nozzle, an experimental check was not

-possible.

Another. more recent, boundary-layer prediction meth-
ud i which various heat-transfer assumptions can be
compared to experimental results is a medification of the
turbulent boundary-layer analysis of Ref. 15, In the modi-
ficel analysis, as in Ref, 15, the integral forms of the mo-
mentum and energy equations are solved simultaneously
for 0 and . The assumptions involve the specification of
the beat-transfer and wall-friction coefficients, and the
similarity of the boundary-layer velocity and stagnation-
temperature profiles on a 1/7-power-law basis with
respect to their individual thicknesses, which can be
different from one another. The prediction yields both
the flow and thermal characteristics when the nozzle
co+figuration, wall temperature, and free-stream prop-
erties are specified. To initiate the prediction, a knowl-
edge of 0 and the ratio of thicknesses 8,5 is requured at
one location which was taken at the boundary-layer
measuring stati n 1.25 in, upstream of the nozzle inlet.
A complete report on the computation procedure of the
modified boundary-layer analysis, which is programmed
for numerical solution on an IBM 7090 computer, is pre-
sented in Ref. 11,

The heat-transfer specification from the modified tur-
bulent boundary-layer analysis (Ref, 11) is

h c; fo\"
g L (2
P(“eCﬂ K 2 ( 0 ) (ga)

where
K = {V/fg?_ {SI’r +5hGPr+1)~14 +ﬁ”

The factor K* is similar to the Prandtl-number cc
rection factor in the von Kérmén analogy. The coef!
clent ¢ is analogous to the wall fiction coefficient
but with the momentum thickness dependence replac
by the energy thickness. The ratio (¢/6)* is a fact
included in the analysis. For the present results,
stagnation pressures ahbove 78 psia, n was found to ha
a value near zero. The wall friction coefficient is pr
dicted cither from the Blasius flat-plate relation (Fq.
with properties p and p evaluated at the film temper
ture, as was done in the earlier analysis (Ref. 15), or
taking the adiabatic wall friction coefficient (predict
from Cole’s relation [Ref. 19] between the friction
efficient for a compressible and incompressible flo
with properties evaluated at the free-stream temperatw
This latter method is suggested by a limited amount
data (Ref. 20), which indicate both the Stanton numb
and wall friction coefficient with properties evaluated
the free-stream temperature to be insensitive to sev
wall cooling., Of note is that for a severely cooled w.
the friction coefficient predicted by the latter method
substantially below that predicted by evaluating prc
ertics at the film temperature,

Prediction of the heat-transfer coefficient from Eq. {.
requires both the selection of n and the temperature
which properties are to be evaluated. With n == 0.1,
prediction is approximately the same as that of Ref.
For comparison purposes, two limiting values of n :
considered, These correspond to assuming a Stant
number dependence only on the thermal characteri:
$s e, n = 0, for which Eq. (9a) becomes

h ¢
= K __‘_!_ (
PelisCy 2

or to taking n = 025, for which Eq. (9a) becomes
proximately the von Kirunén analogy

h Gy R
- =4 g {

pg“eC,’ 2
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where
1% -1
K = {»\/Q;Li. EPr+5mBPr+1)—~14 +'\/g—-j}
14

Orher analyses which assume a Stanton-number depend-
ence on ¢ have beep made in Refs. 17 and 21 and
compared o experimental heat-transfer results for accel-
erated turbulent boundary-layer flows. In Ref. 17, the
predictions exceeded the data by about 309% in part of
the ncceleration region, while in Ref. 21, the correspond-
ence with the data was good.

The heat-transfer predictions shown in Fig. 15 as
curve A are from Eq. (9b) for a stagnation temperature
of 1500°R and a range of stagnation pressures from 45
to 254 psia, with the 18-in, cooled approach length. These
predictions were made with properties evaluated at the
free-stream temperature and conditions at the edge of the
boundary Jayer determined from the wall static-pressure
measurements. Shown as curve C in Fig. 15 is the pre-
diction from Eq. {10), in wbhich the friction coefficient
¢;/% was determined from the modified turbulen®
boundary-layer analysis. The reduction in the predicted
heat-transfer coefficients provided by Eq. (9b) below the
von Kirmén analogy is due to the greater predicted
thermal than velucity boundary-layer thicknesses through
the nozzle. At the highest stagnation pressure, the pre-
dicted ratios of ¢/6 as indicated in Fig, 16 are as large
as 6 in the throat region. At the 75-psia stagnation pres-
sure, the correspondence of the prediction froin the modi-
fied turbulent boundary-layer analysis, Eq. {9b), with the
data is good except near the nozzle exit. At the highest
stagnation pressure of 254 psia. where the vircumferential
variation of the data is considerable, the correspondence
with the averaged heat-transfer data is fair. The repro-
ducibility of the data in Fig. 15 for 254 psia is indicated
by the two sets of data shown by the open and shaded
symbols, At the lowest stagnation pressure, p, = 44.8
psia, the prediction exceeds the data by as much as 50%
in the throat region. For the range of stagnation pres-
sures, the predicted maximum value of the heat-transfer
coefficient is just upstream of the throat, in ag-cement
with the data,

Thie effect of temperature choice for propcrty evalua-
tion may be observed in Fig. 15 by compaxing curves A
and B. Curve B represents Eq. (Ob) with properties eval-
uated at the film temperature T, In the throat region, it
lies above the data but is in letter agreement near the
nozzle exit than curve A.

16
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For comjpsarison, the predictions from the following
form of the pipe-flow equation for fully developed flow
in which both the tuermal and velocity boundary layer
extend to the certertine and there is no significant pres-
sure gradient are shown as curve D in Fig, 15,

St Pro® = 0,023 Re,* (11)

Also shown, as curve E in Fig, 15, is the equation of
Reof. 292:
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B o= 0026 ¢ p°%; pogc)m( D )0.1 (,éi) o .
P = [(D’)“"" Pyo- )o o e A
(12)

In the pipe-tiow equation, all properties were evaluated
at the free-stream static temperature, while in Eq. (12),
the Prandtl number and specific heat were assumed con-
stant at their stagnation temperature values and p and p
were evaluated at the film temperature. In Eq. (12),
one-dimensional flow quantities were used, since two-
dimensional effects are not taken into account in the
derivation. If they were, the prediction would be nearer
that of the pipe-flow equation. Two-dimcnsional values
of local mass flux are 15% below the one-dimensional
values just downstream of the nozzle throat, as seen in
Fig. 7. The prediction from Eq. (12) exceeds the data by
as much as 80% in the throat region. The pipe-flow pre-
diction, Eq. (11), though in better agreement with the
data, is still about 25% high at the throat.

From these oisservations, it appears that fair agreement
with the data is provided at the higher stagnation pres-
sures by the modified boundary-layer analysis taken in
the form of Eq. (9b), with properties evaluated at the
free-stream static temperature. These predictioss are also

shown, along with others, at the intermesdiate pressures ¢
p = o0 and 180 psia for Ty, <5 1500°R, as curve A’
fig. 19. The predicted Stanton-number dependence o
the mass flux is approximately that of the pipe-flow equa
tion, which is shown as curve I3, However, the predictio!
for all the axial locations annot he approsimated by a
equation like the pipeflow eguation but with a lew
coefficient because of the variation of the predicted valn
of ¢ relative to D. For a given run, ¢ decreases throug
the subsonic region, att ‘uing a minimum near the throa
and then increases in the supersonie vegion, gualitative
similar but not in direct correspondence with the nozz
diameter A few of these predicted ratios are shown *
Fig, 16,

In Figs. 12¢ through 12§, the reduction in heat transf
at Revnolds numbers, Re;,, less than about 8 X 100
not predictable from an analysis for a tarbulent boundar
layer, as indicated by the prediction from Eq. (9b) show
in Fig. 12 as curve A.

Predictions from Eq. (Ob) (not shown) were also mat
at stagnation temperatures of 1030 and 2000°} , with
18-in. cooled approaca length. The magmitude of &
Jecrease in the heat-transfer cocfheient - th iw zeasis
stagnation tempe.ature at the higher stagnation pressur
shown in Fig. 11 was not predictable, From Eq. (9b),
dependence of the heat-transfer coefficient on stagnati
temperature st a given stagnation pressure is vea
h a Tio%% ¢02, However, the energy thickness at .
nozzle inlet decreased with increasing stagnation te
perature, such that the difference in predicted he
transfer coefficients was substantially Jess than exhibit
by the data.

The trend of higher hecat-transfer coeffisients throv,
the nozzle with thinner boundary layers at the noz
inlet is shown in Fig. 14 1o be predictable from Eq. (¢
However, the magnitude of the predicted increase sho
probably be estimated from the 6- and 18-in. cooled ¢
proach lepgth predictions. For the zero cooled approa
length prediction, wall cooling wis assumed to begin
the nozzle inlet. To require that the Stunton numb
remain finite there, the energy thickness wus taken a
small value equal to 0.001 in,
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Viii. SOME ADDITIONAL OBSERVATIONS DF THie FLOW
AND THERMAL CHARACTERISTICS

In thiv Section, some features of the flow are showy
which depend on the predicted flow and thermal charac-
terisiics obtained from the modified turbulert boandary-
layer analysis (Ref. 11), with propertics evalaated at (he
free-stream temnerawre. In Fig. 18, the predicted ratios
uf ¢/6 and 8,4 indicate the thicker predicted thermal
than velocity boundary layers, especially in the throat
region. Because of the cooled wall, the displacement
thirkness §' becomes negative upstream of the throat, as
does H = §°/6.

In Fig. 17, the predicied momentum thickness Rey-
nolds numbers are a minfmum a considerable distance
wostream of the throat. At the lowest stagnation pressure,
where the leat transfer is below that typical of a turbu-
lent houndary Jayer, the miniznum Reynolds number is
1500, Although this predir :ed value is probably different
from the actual value, it js still conriderably above the
measured value of B30 found in Ref. 14, below which
there was departure from fully turbulent flow. For the
case of constant { e-stream velocity, Preston (Ref. 23)
proposed a value of 370 above which the flow could be
considered fully turbulent; for accelerated flows he esti-
mated that the limic might be lower.

To indicate the magnitude of the forees acting on the
boundary layer through the nozzle, the rar | the pres-
sure forces which tend to accelerate the b adary-layes
flow to the retardation wall shear forces is shown in
Fig. 18 as

dp

RN A

dx

-
In this rativ the pressure gradient w. . aureerically
approximated from the wall static pressur . surements
do spm of <7 - 0 In the noy e seetion
where the pressure gradient was difficult to obtain nu-
merically, onc-dimensional flow was ass-med which
provided an analytical relation for the pressurve gradient.
The ratio s largest in the convergent section befors
decreasing through the throat and divergent scetion. For
comparison, the value of the ratio for fully developed
flow in a circular pipe is shown to demonstrate the targe
flow accelerations in a nozzle.

To gain some knowledge of the meclanism which at
the low stagnation pressures educes the heat transfer
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Fig. 17. Predicted momentum thickness Reynolds
numbers slong nozzle

below that typical of a fully turbulent houndary layer,
reference is made to the boundary-layer turbulence
energry equation (e, Ref. 24). For simplicity, an
incompressible plane flow is assumed for which the con-
vection of turbulent kinotic energy by the mean flow is

rnmyor

5
: . e o 2u,
1y ﬁ;;— SR T 5,
(a)
- -
TN S 4 q° ) , Puy
P I 1 { owze Py -}. feli '47::?‘-'- :
o) ’(p g P (13)
) (e (4

‘The terms represent the rollowing:

(a) Production of turbulent kinetic energy by the
working of the mcan velocity gradients against
the Reynolds stresses,

(b) Work done by the turbulence against the fluctue
ation pressure gradients,
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Fig. 18. Predicted ratio of prassure to wall shear forees acting on boundaury layer along noxzle
(¢) Couvection of turbulent kinetic energy by the T Ty Gl
. (7 )
turbulence itself. o
D Y 115

(d) Transfer of energy by the working of the tarbu-
Jent viseons stresses,

For a two-dimensiona] flow with a pressure gradient,
the significant terms from term (a) that lead to s prodne-
tion or decay of convected turbulent kiuctic energy are

s (4] ! prcr ey
fd llf =R T o P U (!ln bt li’n} A
oy, 11 7.

(14)

Ihe rewaining terms (b}, (¢), amd () in Ko (13) are
degzendent on the torlmienee produced. The fivst e
in e (14) is abvays positive and leads o a production
of turbulent kiuetiz enerygy. However, with flow aceelera-
tion 7u/ix 2o 0, the second tenm feads {0 a decay of tr-
bulent kinetic energy provided that ¢ o ", Thus, a
mieasare of the importance of flow aceeleration in rerdue-
ing the net production of twhbulent kinetic energy is
given by o ratio of the two tenns in By, (14)

e

o

Yo establish the variation of x in the flow directiv
reguires a knowledne of the turbulent guantities acro
the hondary layer, In the absence of turbulence mea
urements in accelerated flows, this estimate i5 vestricte
to the flat-plate measurenents of Klebanoff (Bef, 2t
at a momentn thickness Reynolds number of ahos
8% % 1P, The produetion tenw = #'t/ 2u/?y is largest »
the wall vicinity where (4, [/ pe)/ve =+ 30, Using tl
“law of the wall,” By, (7), the velocity gradient js

F’( 2-5 Ter
sy B ereeaws @
¥ !)' 3‘) Pg Ve

An average value of (}7’; o ;;;;)/( ~1't?) = 1.9 is take
from Kichanoff's data since this ratic did not vary appr
ciably acvoss mast of the boundary layer, Approximatis
the velocity wradient 2u/ix by its freestream vah
du./dx and combining the other approximations gives
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09 dis,
e Tdx

T

Pe

(15b)

x’.b_’

Although the constant 22 is somewhat arbitrary, the

i essential feature is the dependence of x on the group

The variation of x along the nozzle is shown in Fig, 19
at T, = 1500°R for the range of stagnation pressuses
from 45 to 254 psia. With decreasing stagnation pressure,
the increasing values of y indicate the predicted reduced
net production of turbulent kinetic energy. At the lowest
stagnation pressure, y attains a maximum valuc of 0.14.
Actually, for the low stagnation pressures, the values of
x should exceed those shown, since the low heat transfer
implies that the wall shear is below the predicted value.
The variation of x along the nozzle displays the same

du . .
Ve _2.5- trend of being largest in the convergent section before
= diminishing through the throat and divergent section as
T the heat-transfer data at the low stagnation pressures
) pe which depart from those typical of a turbulent boundary
0.14 /\
7,, =1500°R
. i8-in COOLED APPROACH LENGTH
B = 44.8psia j
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Fig. 19. Predicted effect of flow acceleraiion in reducing net production of turbulent kinetic energy at

.

different stagnation pressures
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layer opserved in Fig. 12, The values of x indicate when
the arhulent shear stress u’v’, which is related to the
turbulent kinetic energy, is expected to be lower than

that typical of a fully turbulent boundary layer, Th
transport of heat would also be reduced, since it depenc
on the level of turbulent transport.

iX, CONCLUSIONS

Experimental convective heai-transfer results have
been presented for a turbulent boundary-layer flow
through a cooled convergent—divergent nozzle. The scope
of the investigation covered a wide range of stagnaticn
pressures and temperatures as well as nozzle-inlet
boundary-layer thicknesses. The experimental results
indicated the following:

1. Heat-transfer coefficients increased with increasing
stagnation pressure as a result of the larger mass
fluxes, bat only at stagnation pressures above about
75 psia were values typical of a turbulent boundary
layer.

2. At low stagmation pressures, the heat-transfer coef-
ficients were below that typical of a turbulent
boundary layer even though the boundary layers
at the nozzle inlet were turbulent.

3. The effect of stagnation temperature on heat trans-
fer was less clear, with the trends dependent on
stagnation pressure,

4. Heat-transfer coefficients were about 10% higher
throughout the nozzle with the thinnest boundary
layer at the nozzle inlet (8/R o= 0.05) than with the
thickest inlet boundary layer (3/R = 0.25).

. The heat-transfer coefficlent is a waximum up-
stream of the throat, where the mass flux, deduced
from wall static pressure measurements, is largest.
Deviations of the mass flux from that predicted for

ot

one-dimensional flow amounted to as much as 15
just downstream of the throat.

6. A substantial decrease in heat transfer existed dow
stream of the point of flow separation. Flow separ
tion in the divergent portion of the nozzle occarr
at the low stagnation pressures.

Various heat-transfer predictions weve compared to t
data. Fair agreement at the higher stagnation pressures
provided by a modification of the turbulent boundar
layer analysis of Ref. 15, in which the Stanton number
taken dcpendent on a Reynolds number based on a thic
ness characteristic of the thermal boundary layer. In t
prediction, properties were evaluated at the free-stres
temperature. For the low stagnation pressures, where t
turbulent boundary layer is thought to have undergo
partial transition toward a laminar one, a paraneter
tound which is a measure of the importance of flow ace
eration in reducing the transport of heat below that ty
cal of a fully turbuient boundary layer.

More work is needed to gain some experimental kno’
edge of the flow an? thermal boundary layers withir
convergent-divergent nozzle and of the extent to wt
these are predictable by an analysis such ag that of
11. To obtain this information, a conical nozzle of 10-
half-angles of convergence and divergence has been ¢
structed. This nozzle, which wili be tested in the o
future, is instrumented with boundary-layer probes -
incorporates the calorimetric technique to obtain he
transfer measurements,
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NOMENCLATURE

speed of sound

local nozzle cross-sectional area
nozzle-throat are:

characteristic velocity of p,A'g./ m

focal wall friction coefficient, /2 = 1,/ pots,*

coefficient analogous to skin-friction coefficient, with momentum

thickness dependence replaced by energy thickness
specific heat at constant pressure
nozzle diameter

nozzle-throat diameter
gravitational constant

convective heat-lransfer coefficient
thermal conductivity

cooled approach length

axiul length of nozzle = 5.925 in.
mass flow rate

Mach number

static pressure

stagnation pressure

Prandt! number

wall heat flux

turbulent kinetic energy

nozzle rading

nozzle-throat radius

nozzle-throat radius of curvature
nozzle-inlet radius = 2.53 in.
Reynolds number based on nozzle diameter, p,u.D/p,
Stanton number, h/ petdeCy,
temperature

velocity component in x-direction
dimensinuless velocity. u:.\/ vl pe
veloeity romponent normal to wall

distance along wall in flow direction
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MNOMENCLATURE (Con?'d)

y  distunce normal to wall

Tw

§ [—

y dimensionless distance, ~¥-£&
Ve

z axisl distance from nozzle inlet

v specific-heat ratio

& velocity boundary-layer thickness
8, stagnation-temperature boundary-layer thickness
§" displacement thickness

¢ momentum thickness

p viscosity

v kinematic viscosity

p density

¢ dimensionless property corection factor (defined in Ref. 22)
o wall shear styess

¢ encrgy thickness

x parameter

Subscripts

« condition at sadius which is less than r,
e adigbatic wall condition
» condition at radius which is greater than r,
« condition at free-stream edge of boundary layer

property evaluated at film temperature, T; = (T + T.)/2

Ty

i»; components in Castesian coordinates
o upstream resexveis condition
¢ stagnation condition
w  wall condition
1 one-dimensional flow value
Superseripts
/

fluctuating component

time average
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APPENDIX

Construction and Calibraticn of Thermocouple Plugs

The thermocouples embedded in the G.23-in.-diameter
plugs were formed by welding the exposed ends of
0.003-1n.-diameter fiberglass-insulated chromel and alu-
mel wires to the bottoms of opposing radial holes, as
shown in Fig. 3. The wires were injected into these holes
by using a spring-loaded jig, and the junction weld was
made on contact between the wire aud the plug. The
chromel and the alumel junctions were separated by
approximately 0.0055 in. of plug material, The wires were
then cemented into the grooves in the sides of the plugs
with Technical G Copper Cement and calibrated. A fin-
ished plug is shown in Fig. A-1.

To provide good contact between surfaces when the
plugs were pressed into the nozzle, both the surfaces of
the plugs and the holes were finished to roughnesses less
than 18 pin, An interference fit of 0.0005 in. between the
plug and nozzle hole diameters was used. After the plugs
were pressed into position flush with the outer surface
of the nozzle, the inner ends were machined to match
the contour of the nozzle. The locations at which the
wires protruded from the outer ends of the plugs were
sealed with Technical C Copper Cement, ard a coat of
Echo Bond 58-C conductive cement was applied over the
plug and extended over the nozzle to exclude any possi-
bility of water seepage into the plugs. The nozzle, after
installation of plugs, is shown in Fig, A-2,

Fig. A-1. Thermocouple plug

28

Fig. A-2. Noxzle after instalia ion of thermacouple plugs

For the calculation of the wall heat flux from Eq. (1),
it is necessary to know precisely the distance between
thermocouple weld junctions. Since the radial holes in
the plugs were about three times the diameter of the bare
end of the thermocouple wire, the exact location of the
weld junction could not be obtained by physical meas-
urement; thus, a Kelvin bridge circuit electrical calibrat-
ing technique was used as shown in ¥ig. A-3. This
calibration was performed before the plugs were installed
in the nozzle. A rod having the same diameter as a plug
and of known electrical resistance Ry was connected to
variable resistors Ry and Rq by wires with known resist-
ances Ry and Ry, The plug with the thermocouples which
were to be measured was held coaxially against one end
of the rod. The contact resistance between rod and plug
is represented by By A thermocouple wire of unknown
resistance R leading to one of the junctions was con-
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Fig. A-3. Kelvin bridge <ircuit used to dstermine
thermmecouple locations

nected to a variable resistor R, and a galvanometer G.
A thermocouple wire of the sante material leading from
another junction within the plug and represented hy the
unknown resistance R was connected to another variable
resistor Ry, which was in turn connected to B, and the
other side of G. The resistance R. represenis the resist-
ance of the plug between the juuction wires B, and R,.
The circuit assembly was completed with a battery E and
a switch K. FFor the branch circuits with no current pass-
ing through G, Kirchkoff's second law may be applied,
and the following equations may be written:

I (R, + R) = I, (Re + R.) + IR, (A-1)
I, (Ry + Ry) = I, (Rp + Ry) + IRy (A-2)

LR+ R+ By +R)= (I ~IJR, (A9)

For Iy = 0,

R_& + nq w R(’ ‘f. Rl‘
Rp+ R,y Ry + Ry

{A-4)

and ithe simultaneous solution of the above equatio
(A-1-A-4) yields

R, + R,

R, = Rp —— "
* "Ry + R,

(A-

Therefore, by proper adjustment of the resistances of t
decade boxes such that I = 0, R, is independent of t
unknown contact resistance R,. Actually, it was not pc
sible to make I, exactly zero because of the limited sen
tivity of the galvanometer; hence, R, was made small
comperison {0 R,. Incorporating the following equatic
using the electrical resistivity p,

R, = ‘“AZ— (A
RR' — PR :R (A

where I is the known length of the rod. Since the dia
eters ~f the rod and plug are identical, A, = A,
solution of Egs. (A-5), (A-8), and (A-7) yields

- H,@ + Ru, PR A
le = R TR le o (£

Equation (A-8) was used to determine the Jista
between the junctions formed by two wires of the sa
thermocouple material. The arithmetic average of -
tances between junctions formed by corresponding ¢
mel and chromel wires was then used as the dista
between two thermocouple junctions.

The distance between the nozzle gas-side wall and
inner thermocouple weld junction needed to caleu
the wall temperature, however, could not be determiy
by the electrical technique and, consequently, had to
measured physically. The distance from the radial h
in which the inner thermocouple was welded to the in
surface of the plug was measured before injection of
wires. The length of the plug after installation and
chining then made possible a simple caleulation of
digtance from wall to inner thermocouple with the
swaption that the thermocouple wires were locate:
the centerdines of the holes.
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APPENDIX (Cont'd)

The estimated maximum total error that ceuld have
occurred in reported experimental values of heat-transfer
coefficient in the throat region at the higher stagnation
pressures and temperatures is approximately -+8%. This
error results from a 1% error due to thertnocouple
locations determined hy the Kelvin bridge measurements,
a 1% % error from inaccuracies in measurement of the
temperatures within the nozzle wall, a 5% uncertainty
in the difference between stagnation temperature and

gas-side walls temperatore, and a 2129 error from addi-
tonal miscellancous sources. Under conditions for which
the temperature differences between adjacent thermo-
couples were the smallest snch as at low stagnation pres-
sure and temperature near fthe nozzle inlet, the maximum
total error could have beem as much as =21%. It should
be noted, however. that these are considered to be maxi-
murm errors and that the aceuracy of the reported results
is probably much better.
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